This article investigates the zone strong coupling two-channel totally asymmetric simple exclusion processes (TASEPs). The study is based on Pronina and Kolomeisky's work [J. Phys. A-Math. Gen. 37, 9907 (2004)], in which the coupling exists within two whole parallel channels. Zone strong coupling two-channel TASEPs focuses on the behavior and the effect of a particular segment rather than the whole channel. The study shows that there are five possible stationary phases; LD/LD, HD/HD, MC/LD, LD/HD, and MC/HD. The phase diagrams and the density profiles are investigated using computer Monte Carlo simulations and mean-field approximation. The outcomes of the simulations match agreeably with the analytical predictions. 
Introduction
Asymmetric simple exclusion processes (ASEPs) as theoretical models were initially used to describe the kinetics of biopolymerization [1] . In recent years, ASEPs have become an important research tool and it's use has been significantly extended [2] [3] [4] . The research and applications of ASEPs now include road traffic flow analysis [5, 6] , gel electrophoresis [7] and many other research areas [8] [9] [10] [11] [12] [13] .
Most investigations of ASEPs focus on one-channel sys-tems where particles can only move along one lattice chain. However, many real phenomena are described using parallel-chain asymmetric exclusion processes. Recently, parallel-chain ASEPs [14] [15] [16] and parallel-chain ASEPs with junctions [17] [18] [19] [20] have been considered. In these investigations, the coupling between different chains was indirect, for instance hopping between the chains was forbidden. More recently, coupling in parallel-chain ASEPs have been studied [21] [22] [23] [24] . The aim of this paper is to investigate zone strong coupling two-channel totally asymmetric simple exclusion processes. The study assumes each channel can be considered as two segments, left and right segment. Particles on left segment can jump between the two parallel lattice channels. This model is related to two-lane traffic which is through downtown in some cities of China in which one lane is only for buses while the other is for other vehicles. In downtown, buses and vehicles cannot change lanes between the two parallel lanes. The main differences in this model compared with other studies that apply similar approaches is that the model includes two different segments in each channel, i.e., the left segment and the right segment. In the left segment of each channel, particles can jump between the two parallel lattice channels, while in the right segment of each channel; particles can only jump in the same channel and cannot jump between the two parallel lanes. The simple approximate model for intermediate couplings and one-channel TASEPs in the limits of strong coupling are used to analyze the system behavior. Extensive computer Monte Carlo simulations are carried out to validate the theoretical predictions. This paper consists of 4 sections. Section 1 is the introduction. Section 2 presents the model and the theoretical calculations of stationary properties. The content in Section 3 covers the computer Monte Carlo simulations and the discussions. The final section is the summary and conclusions.
Theoretical description

The presented model
Suppose identical particles moving along two parallel one-dimensional lattices with strong coupling are only allowed on the left segment of the system as shown in Fig. 1 . The system is out of equilibrium and has two equal-size channels, each containing L sites. The particles can enter either channel 1 or channel 2 at the rate α if the first site is available at any of these two channels. When a particle reaches site L, the particle leaves the system at the rate β. In the bulk of the system, the dynamic rules are as follows. The two channels are divided into two segments at site as illustrated in Fig. 1 . On the left segment of the system (i.e., 1 < ), a particle at site on one channel can jump to the same site on the other channel with the rate = 1, if that site is empty. The particle can also move from left to right along the same lattice to site + 1, only when the site on the other lattice channel is occupied (Fig. 1) . On the right segment of the system, where + 1 < L, particles can only move from left to right along the same lattice to site + 1, if site + 1 is empty. Under such an assumption, the full transition rate of leaving site 1 < to go forward or jump between the two channels is always equal to 1. When the jumping transition rate between the two channels is zero ( = 0), the system reduces to a totally asymmetric simple exclusion process on a one-channel lattice, for which the full description of the stationary properties, such as the phase diagram, particle currents and density profiles, is known [2] [3] [4] and the system characteristics are as following: For α < 1 2 and α < β, the system is found in a low density (LD) phase with the current and bulk density given by:
If the exit controls the dynamics of the system, for β < 1 2 and β < α, the stable stationary state of the system is in a high density (HD) phase with the following current and bulk density:
Finally, for large entrance and exit rates α > 1 2 and β > 1 2 , when the dynamics is determined by bulk processes, the system is in a maximal current (MC) phase with:
In the limit of strong coupling ( = 1), the dynamics of the system simplifies significantly, because at large times any vertical cluster cannot exist in a configuration where both sites are empty, i.e., P 00 = 0. We will study the model for which the parameter is at intermediate values. In the study presented in Ref. [21] , when the limit of strong coupling tends to 1 (i.e., = 1), the two-channel TASEP can be mapped into a one-channel totally asymmetric exclusion process with the effective entrance rate α and the effective exit rate 2β. In the limit of strong coupling, there are three stationary state phases for the two-channel TASEP. When α < 2β and α < 1 2 , the system is found in the low-density phase with the following properties:
The conditions α > 2β and β < 1 4 specify the high-density phase, where the steady-state properties are given by:
In the case, when bulk dynamics are rate-limited, the maximal-current phase is defined with the following parameters:
Based on the outcome of the study in Ref. [21] , the zone strong coupling two-channel TASEP can be mapped into two homogeneous asymmetric exclusion processes joined together (i.e., left segment and right segment) as shown in Fig. 2b . Within the left segment, there are only two types of clusters: fully filled (P 11 ) and half-filled (P 10 ). Filled clusters can be thought of as new effective 'particles' and half-filled clusters can be the new effective 'holes'. For the right segment, as the effective injection rate α eff and exit rate β of the original two channels are equal (Fig. 2a) , therefore, the right segment can be represented by one original channel (Fig. 2b ). Since the current is conserved through the system, that is:
As a result, the effective rates α eff and β eff (see Fig. 2b ) can be expressed in terms of the particle densities at the sites near the junction:
Theoretical calculations for stationary phases
The overall state of the system is specified by the nature of phases that might exist in each of the segments. Since only three stationary phases can be found in each segment (HD, LD or MC), the total number of the possible stationary phases in the system should be 3 2 = 9. From the expression (6) and the current conservation, the MC phase cannot exist within the right segment since the maximal-current on the left segment is equal to 1 8 . Therefore, the number of possible stationary states reduces to just 3 × 2 = 6. The following is the study and analysis of the existence and behavior of different stationary phases. The first consideration is the LD/LD phase. Under the conditions that:
then, the stationary currents are given by:
Using the expression (7) for currents, the effective rate α eff can be expressed in terms of the entrance rate α:
The effective rate α eff always satisfies the conditions specified in (9) , thus the system is in the (LD/LD) phase when:
For the LD/HD phase, the conditions for the existence are:
therefore, the stationary currents are:
Because the particle current is stationary, equation (7) implies that:
These expressions describe the parameters' space for the LD/HD phase. In HD/LD phase, the situation is very different from LD/LD and LD/HD phases. Under HD/LD, where:
the corresponding equations for the currents are:
Using the expressions (7) and (8) for currents, the effective rate α eff and β eff can be obtained:
The values of the effective rate α eff and β eff do not satisfy the conditions specified in (16) , thus the HD/LD phase does not exist in the system. The HD/HD phase is determined from the following conditions:
The stationary properties of this phase are given by:
Using the expression (7) for currents, the effective rate β eff can be expressed in terms of the exit rate β:
Therefore, β eff always satisfies the conditions (19) . However, this equation yields physically rational values of the effective existence rate only when the term in the square root is positive, i.e. β must satisfy:
Combining this result with the requirements (19), the outcome is the conditions for the HD/HD phase, which are;
The conditions specified for the (MC/LD) phase are:
The corresponding currents have the following expressions:
According to the particle currents under the stationary condition, the effective entrance rate should be constant and is equal to:
The effective rate α eff always satisfies the conditions (24) , thus the system is in the MC/LD phase when:
The last possible phase in the system is the MC/HD phase, which is specified by the following conditions:
The particle currents in this phase are given by:
From equation (7), the value of the exit rate β can be obtained:
Comparing this result with the conditions (28) defines the condition for the MC/HD phase of the system.: The work stated above leads to the result that there are five stationary phases in the system. The calculated phase diagram is presented in Fig. 3 . The phase diagram shows there are two types of phase transitions in the system. The boundaries between the (LD/LD) and (HD/HD) phases, or between the (MC/LD) and (HD/HD) phases specify the first-order phase transition with jumps in bulk densities, while the transition between the (LD/LD) and (MC/LD) phases is continuous.
Monte Carlo simulations and discussion
The extensive computer Monte Carlo simulations were carried out to check the validity of the approximate theory and the predictions. In the simulations, the number of effective steps per site was typically around 10 9 . For all simulations, the first 3% of Monte Carlo steps was neglected to account for the time that the system takes to reach a stationary state. The theoretical calculations were based on the lattice segments with infinite size. However, in the simulations presented in this paper, L = 200 was used. For lattice segments with larger size, the results were checked and did not deviate from the ones presented here.
The particle densities can be calculated explicitly by Monte Carlo simulations. The resulting density profiles for different stationary phases are presented in Fig. 4 . Only one of two equivalents lattice channels was studied in detail, since the stationary properties in channel 1 and 2 are essentially the same. The computer simulations for the densities in the bulk phases and the theoretical predictions are all in good agreement.
In Fig. 4 , the straight line and square represent the true density value of each channel in the zone strong coupling two-channel TASEPs; the up-triangle and dash line express the density of P 11 ; and the circle and dot line describe the density of P 10 . The parameter P 11 is the density of the new system which is from the zone strong coupling two-channel TASEPs.
On the left segment of the system, the true density value of each channel indicates that the system is always in the HD phase, which implies that the time for particles move forwards increases since particles can jump between the two channels within the left segment of the system.
Summary and conclusions
The work presented in this paper investigated zone strong coupling two-channel totally asymmetric simple exclusion processes. In the limit of strong coupling, = 1, the exact description of particle dynamics is obtained by mapping the two-channel system into an effective one-channel TASEP with known stationary properties.
The study shows that zone strong coupling two-channel TASEP produces a system with five possible phases. On the left segment of the system, as the particles are allowed to jump between the two channels, the true density value of each channel is always in the HD phase, which means the time required for particles to move forward is increased.
It is interestingly, that in this model, there are three densities in the left segment, i.e., the densities of P 11 , P 10 and the whole density ρ. The whole density ρ is equal into the density of P 11 adds the density of P 10 , i.e., ρ = P 11 + P 10 . This is the main distinction between this study and other studies that apply similar approaches. 
